Introduction
The Northern Great Plains lies on the western edge of soybean (Gycine max [L.]) production in North America, and as such harbors a regionally adapted suite of insects and weeds. Soybeans in this and surrounding regions were largely free from insect pests prior to the introduction of the Asian soybean aphid (Aphis glycines Matsumura [Hemiptera: Aphididae]) (Ragsdale et al., 2004 (Ragsdale et al., , 2011 . Aphid populations rapidly increase during outbreak years (which do not occur every year), alter the physiology of soybean plants, reduce soybean yields, and potentially transmit soybean viruses (Clark and Perry, 2002; Macedo et al., 2003; Riedell and Catangui, 2006; Beckendorf et al., 2008; Riedell et al., 2009) . Bean leaf beetle (Cerotoma trifurcata Forster [Coleoptera: Chrysomelidae]) is another predominant, but sporadic, pest of soybeans in this region. Adults of this pest defoliate soybean plants and transmit bean pod mottle virus (Mabry et al., 2003; Bradshaw et al., 2008; Byamukama et al., 2011) , and larvae consume root nodules of the soybean plant and disrupt its nitrogen dynamics Riedell et al., 2011) . These two pests support a diverse and abundant natural enemy community throughout much of the soybeanproducing region of North America (Toepfer et al., 2009; Ragsdale et al., 2011) , but this natural enemy community has been poorly described in the Northern Great Plains (but see Seagraves and Lundgren, 2012 for one report). Although soybeans are commonly produced in the Northern Great Plains (Nebraska, South Dakota and North Dakota were ranked 6th, 8th, and 9th in 2011 soybean hectares harvested; National Agricultural Statistics Service, www. nass.usda.gov), there have been no peer-reviewed, comprehensive studies of insect communities in this crop after the invasion of the soybean aphid. This is particularly important in light of the fact that the introduction of soybean aphid has accompanied a dramatic increase in insecticide use (Ragsdale et al., 2004; Fausti et al., in press) , and this undoubtedly has changed the dynamics of insect communities in this region substantially.
Pests are often a symptom of producing crops under monoculture conditions, and efforts to increase the diversity of vegetation within cropland often increase natural enemy populations and reduce pest intensity (Andow, 1991; Tillman et al., 2004; Broad et al., 2009; Lundgren and Fergen, 2010; Letourneau et al., 2011; Lundgren and Fergen, 2011; Koch et al., 2012) . Sources of this vegetation diversity may be in the form of low levels of weeds or the use of cover crops or ground covers. In-season ground covers in soybeans can reduce soybean aphid populations, likely through a combination of altered plant quality for pest (soybean aphids and potato leafhopper [Empoasca fabae Harris]) development and augmented populations of natural enemies (Miklasiewicz and Hammond, 2001; Schmidt et al., 2007) . But these understory ground covers can also reduce soybean yields to such levels that some researchers concluded that their use is unrealistic for producers (Schmidt et al., 2007) . Cover crops do not necessarily have these negative effects on soybean yields (Davis, 2010; Smith et al., 2011) . Weed populations provide another source of vegetation diversity that is used by natural enemies of soybean aphids (Griffen and Yeargan, 2002; Lundgren et al., 2009b) . The effects of weed presence on soybean aphids has not been well studied, but is likely going to be more important as glyphosate-resistant populations of weeds expand their ranges (Lundgren et al., 2009a; Heap, 2012; Mortensen et al., 2012) . Because input costs vary substantially depending on pest management approaches, and insect management decisions are linked to other aspects of crop production, the benefits of vegetation diversity on pest management of soybean insects can only be verified using a systems-level approach that incorporates the relative economic costs and benefits of different best-practice management philosophies.
We used a systems-level approach to examine the relative effects of three soybean production systems on insect and weed communities and soybean profitability at one location over three years in the Northern Great Plains. Specifically, we compared the effects of a cover crop-based system designed to minimize chemical inputs and a system intended to reduce herbicide inputs (and harbor low levels of weeds) with a system reliant on high chemical usage typical of our region. These treatments varied across years and even among plots depending on the prevailing conditions observed at the sites, but were unified through the underlying philosophies that defined the treatments. Although systems-level projects such as these lack the ability to identify clear mechanisms for how specific results are produced within a particular system, this approach provides a 'real world' picture of how these systems will affect key crop production characteristics for endusers. In addition to examining the relative costs and benefits of these different systems, this study represents the most comprehensive recent survey of insect communities of soybeans in the Northern Great Plains published in the peer-reviewed literature.
Methods

Experimental field sites
Research was conducted in 2005e2007 on the Eastern South Dakota Soil and Water Research Farm, near Brookings, SD (latitude, longitude: 44.348, À96.811). Experimental plots were 24.4 Â 30.5 m in 2005, 12.1 Â 18.3 m in 2006, 18.3 Â 18.3 m in 2007 , and the three treatments were arranged in a RCB design with three replicates in 2005 (nine total plots) and four replicates in 2006 and 2007 (12 total plots) . At least 6 m margins separated the plots; these margins were spring-planted to winter wheat (Triticum aestivum L.) of mixed varieties at 111 kg/ha. The three treatments examined were 1) chemically intensive management, 2) reduced chemical management, and 3) cover crop-based management (each is described more extensively below). Experiments were embedded in a split, 12.5-ha field; the two halves were rotated between corn and soybeans so that half the field was soybeans each year. Soybeans were planted at approximately 370,000 viable seeds per ha on 6-June 2005, 9-June 2006, and 7-June 2007 (using 0.76 m row spacing). Throughout the experiment, the chemically intensive and reduced chemical systems were planted to soybean variety 91M40 (a glyphosate tolerant variety; Pioneer HiBred, Johnston, IA). The cover crops system was initially planted to 91M40 in 2005, but was switched to 91M10 soybeans in 2006 & 2007; 91M10 is not glyphosate tolerant, and thus fits within the philosophy of this management system better than the 91M40. The field was under conventional tillage (fall and spring chisel plow), and received 224 kg/ha of 14e36e13 (NePeK; ammonium phosphate) in 2005. In 2006 and 2007, no fertilizer or inoculant was applied. Plots were harvested by combine in mid-to late-October, when grain moisture reached approximately 13% as measured using a grain moisture tester (DICKEY john Corporation, Auburn, IL). Grain yields were calculated, and grain quality was assessed (% dry matter, oil, and protein) using a near infrared spectrometer (Foss North America, Eden Prairie, MN). For these grain metrics, three subsamples were taken per plot. Two of the 2007 plots could not be harvested due to high weed pressure (one in the cover-crop based treatment and one in the reduced chemical treatment); yields were considered as zero for these plots, and the data from these plots were excluded from the nutrient analyses. Average maximum seasonal temperatures were 26.11 (2005), 25.00 (2006) and 26.11 C (2007) , and total precipitation from June 1 to September 30 was 52.37 (2005), 37.13 (2006) and 27.41 (2007) cm.
Chemical intensive system
This study system is meant to represent conventional production practices of our region. Specifically, pre-emergent herbicide and glyphosate are used to manage weed populations, and insecticides are applied as soybean aphids exceed economic thresholds. At planting in 2005, glyphosate (RoundUp, Monsanto Company, St. Louis, MO) was applied at 4.7 L (1.66 kg ai) per ha tank-mixed with the pre-emergent herbicide S-metolachlor (Dual Magnum Ò , Syngenta, Greensboro, NC) at 2.3 L (2.1 kg ai) per ha. In 2006, the same rate of glyphosate was applied, but the S-metolachlor (Dual II Magnum, Syngenta) pre-emergent herbicide was applied at 1.2 L (1.1 kg ai) per ha. In 2007, 2.3 L (0.83 kg ai) per ha of glyphosate was applied at planting without a pre-emergent herbicide. An additional application of glyphosate (1.6 L [0.6 kg ai] per ha) was applied when soybeans were at the V3 stage (July 1, 2005 , July 18, 2006 , July 6, 2007 .
Insecticides were applied to this treatment when soybean aphid populations exceeded the economic threshold of 250 aphids per plant (Ragsdale et al., 2007) . This occurred on August 12, 2005 and August 13, 2007 . At this point, lambda cyhalothrin (Warrior Ò , Syngenta Corporation) was applied at 0.14 L [0.011 kg ai] per ha. In 2006, esfenvalerate (Asana Ò XL, DuPont, Wilmington, DE) was applied at 0.58 L (0.04 kg ai) per ha when aphids initially exceeded the economic threshold (August 7, 2006) . Aphids exceeded the economic threshold 7 d following this spray, and 0.16 L (0.012 kg ai) of lambda cyhalothrin per ha was applied on August 18, 2006.
Reduced chemical system
In this treatment, we reduced the herbicide inputs by only managing weed populations at planting, with an additional input as needed up until the V3 stage of the soybeans (this only occurred in 2005). In all experimental years, glyphosate alone was applied at 4.67 L (1.66 kg ai) per ha at planting. In 2005, all plots received an additional application of glyphosate (1.61 L [0.6 kg ai] per ha) on July 1. No additional herbicides were applied to these plots in 2006 or 2007. Insecticides were applied when aphid populations exceeded economic thresholds. No insecticides were applied to this treatment in 2005 as the economic threshold for aphids was only exceeded after the soybean canopy closed, which prohibited tractor application of insecticides. Esfenvalerate (Asana XL, Dupont) was applied at 0.58 L (0.04 kg ai) per ha to two of the plots on August 7, 2006 and lambda cyhalothrin (Warrior, Syngenta) was applied at 0.16 L (0.013 kg ai) per ha to the remaining two plots on August 15, 2006. Lambda cyhalothrin (0.14 L [0.011 kg ai] per ha) was applied to all plots on August 13, 2007.
Cover crop-based system
In this system, a winter cereal cover crop was planted early in the spring prior to planting the soybeans, and was eventually killed. This cover crop replaced additional herbicides and all insecticides in this management system. In 2005 and 2007, winter oat (Avena sativa L.) var. Jerry (IL Foundation Seeds, Champaign, IL) was planted at 77.3 kg per ha on April 8, 2005 and May 14, 2007 Millborn Seeds, Brookings, SD) was spring-planted at 127 kg per ha on May 18. The oat crop was mowed to about 4.5 cm tall on June 2, 2005 and 7.5 cm on June 16, 2005 using a flail mower (soybeans were shorter than this cut line). Glyphosate (1.6 L [0.6 kg ai] per ha) was applied to this treatment on July 1, 2005. The rye was mowed using a flail mower on July 6, 2006; the rye plants were heading and about 1 m tall. The soybeans were undamaged by the mowing. Herbicide was not applied to this treatment in 2006, and thus the rye persisted throughout the season. In 2005 and 2006, the cover crop was competitive with soybean. Therefore, in 2007 the oat crop was treated with an application of glyphosate (2.33 L [0.83 kg ai] per ha) on June 4 when the soybean crop was planted. Any subsequent benefits were the result of the cover crop residue.
Insect monitoring
Aphid sampling
Aphids were counted visually on whole plants in the field throughout each growing season. The numbers of sampling dates and plants sampled per date changed according to resources and aphid population sizes. The subsampling system developed by Yoo and O'Neil (2009) was applied in 2006 and 2007 to aphid populations that exceeded the economic injury level (EIL; approximately 694 AE 95 aphids per plant [mean AE 95% CI], but note that this EIL would be lower when soybean prices exceed $238 per metric ton; Ragsdale et al., 2007) . The economic threshold (ET), or the aphid population that warrants treatment to avoid exceeding the EIL, is 250 aphids per plant. The scheme involved sampling only the trifoliates on the 1st, 5th, and 9th nodes (from the top), and multiplying the resulting number by 3.76 to attain total aphid populations on the plant. In 2005, aphids were counted on 12 dates from June 24 to September 8, with sample numbers diminishing as plant size aphid populations increased from 100 plants per plot in June to 6 plants per plot at the end of the season. In 2006, plots were sampled 12 times between June 29 and September 8 with 20 plants per date up to August 11, and 15 plants thereafter. During 2007, 13 samples were taken from June 19 to September 6, with 20 plants per plot on all dates.
Tile traps for aphid colonization
Green tile traps monitored the influx of winged soybean aphids into plots (Hodgson et al., 2005) . Individual traps consisted of a collection reservoir (3 cm diameter Â 5 cm height) attached to a 1.5 m tall metal rod. The collection reservoir was composed of a square green tile (11 Â 11 cm; H & R Johnson, Stoke-on-Trent, UK) that mimicked the reflectance spectrum of soybean leaves (Irwin and Goodman, 1981) . The tile was secured to the bottom half of a clear plastic sandwich box (11 Â 11 Â 3 cm), which was glued to the lid of a cylindrical plastic canister. One trap was centered in each plot by inserting the metal rod into the ground between soybean rows, and trap height was adjusted equal to the plant canopy height throughout the trapping period (26 June to 27 July 2006, 22 June to 3 August 2007). Trapping was terminated when alatoid offspring of soybean aphids began appearing on soybean plants within the plots. Each trap reservoir received w200 ml of 1:1 solution of water and ethylene glycol to retain colonizing aphids. Trap contents were emptied every 3e4 d into a jar, and fresh solution was added to the trap reservoir. Alate soybean aphids were identified and tallied for each sample date. Tallies from individual traps were summed across sampling dates prior to data analysis.
Sweep samples
Soybean foliage was swept with a 38-cm diameter net periodically throughout each season from late June (prior to aphid colonization) until the late R6 growth stage (wmid September). In 2005, 75 sweeps per plot were collected on each of 10 sample dates (June 24, July 1, 8, 15, 22, August 3, 16, 26, September 2, and 14) . In 2006, sweep samples were collected on each of 12 sample days (June 22, 30, July 7, 14, 20, 28, August 4, 14, 21, 29, September 6, and 13, 2006) ; twenty sweeps per plot were collected before July 7, and 60 per plot were collected on June 7 and afterward. In 2007, 75 sweeps per plot were collected on each of 11 sample days (June 26, July 5, 12, 19, 26, August 3, 9, 17, 24, 31, and September 6, 2007) . The number of each species per sweep was calculated from these samples.
In all three seasons, the number of Orius insidiosus (Say) (Hemiptera: Anthocoridae), Coccinellidae adults (identified to species), larvae of Coccinellidae, Chrysopidae adults (Chrysoperla spp.), and larvae of Chrysopidae were counted. Additionally, the numbers of bean leaf beetles were recorded in all three years. The number of Geocoris sp. (Hemiptera: Geocoridae) were counted in samples collected after July 14, 2006 (inclusive) . Hemerobiidae (Neuroptera) and Nabidae (Hemiptera; likely Nabis americoferus Carayon) were added in 2006 and 2007. Spiders (Araneae) and harvestmen (Opiliones: Phalangiidae) were frequently found, but were not recorded from the sweeps.
Pitfalls
Five pitfall traps were established in each plot in a centralized Â pattern. The four lateral traps were 9.0 m from the central trap in 2005 (6.8 m in 2006 & 2007) . Each trap consisted of a hole in the ground lined with a PVC tube (10 cm diam., approximately 20 cm deep). To activate the traps, a glass jar (8 cm diam., 12 cm deep) filled with 200 ml of ethylene glycol was placed into each tube; a funnel (openings of 10 and 2 cm) was inserted on top of the jar, and the entire assembly was loosely covered with a plywood board (0.3 Â 0.3 m). Pitfall series were activated for 5 d at a time. Over the duration of the experiment, seven pitfall series were deployed in 2005 (collected on May 9, May 23, June 22, July 11, August 1, August 19, and September 16), six series were deployed in 2006 (collected on May 30, June 28, July 11, July 25, August 8, August 25), and five series were deployed in 2007 (collected on June 13, July 3, July 24, August 13, and September 4). After the collection period, samples were returned to the lab, and specimens were washed, cleaned, and identified to the lowest taxonomic position possible. In 2005, spiders, carabid larvae, chrysopid larvae, predatory hemipterans, lampyrid larvae, and centipedes were not quantified, but they were in subsequent years.
Quadrat samples
Actual densities of surface-dwelling predators were monitored using quadrat samples (Lundgren et al., 2006; Lundgren and Fergen, 2010) . A quadrat made of sheet metal (0.5 Â 0.5 m; 15 cm tall) was randomly placed within a plot for each sample observation, and the insects found within the top 1 cm of soil were aspirated. In 2005, we collected three samples per plot on each of nine sample dates (May 6, 9, 23, June 22, July 11, 22, August 1, 19, and September 16) . In 2006, two samples were collected from each plot on five sample dates (June 21, July 11, July 25, August 8, and 23). Nocturnal samples were collected (between 22:00 and 2:00) from each plot on July 11e12 (three per plot) and August 8e9 (two per plot), 2006. In 2007, two samples were collected from each plot on five sample dates (June 12, 27, July 11, 26, and August 8). The insects collected were curated and identified to as low a taxonomic level as possible. The mean number of predators per m 2 on the soil surface of each plot was extrapolated from these measurements.
Weed populations
Weed species diversity and relative abundance by species were counted along two cross-plot diagonal line transects every 0.5 m. Counts were taken four times in 2005 (at planting, V2, V3, and after canopy closure) and three times in 2006 and 2007 (at planting, V3 growth stage, and after canopy closure). The sampling dates were June 2, June 27, July 11, and 28, 2005; June 6, July 6, and August 31, 2006; and June 7, July 3, and July 18, 2007.
Data analysis
In all analyses, data were analyzed separately for each study year, and data at least approximately conformed to the assumptions of ANOVA. The number of aphids per plant, bean leaf beetles per sweep, predators (per sweep, pitfall trap or m 2 quadrat), and weeds per plot were compared among treatments using independent, random, repeated-measures (rm) ANOVAs; all independent variables were considered random effects, and treatment and sample dates were considered fixed effects. The seasonal abundance of alate aphids captured per tile trap, individual predator and weed taxa collected, and the number of weed species collected were compared using independent, random one-way ANOVAs. Statistically different means were separated using LSD means separation tests. All statistics were performed using SYSTAT 11 (SYSTAT Software, Inc., Chicago, IL, 60606).
Data on production input and application methods were used to generate the cost of production estimates. Actual cost data were collected from USDA reports, SDSU extension personnel, and private sector sources. Cost data sources are listed in Appendix 1. An Ordinary Least Squares (OLS) regression analysis was conducted to gain greater insight on treatment and exogenous factors affecting yield variability. Our unit of measure is kg per ha (Y t ). The data set contains 92 usable observations. We created three bi-variate dummy variables for both year and production method (e.g., one if year is 2005, zero otherwise or one if cover crop treatment, zero otherwise). The dummy variables are Yr05, Yr07, RECHEM (reduced chemical treatment), and COVER (cover crop treatment). Thus, the base variables are 2006 and traditional chemical treatment. To account for the potential effect of oat being used as the cover crop in years 2005 and 2007, but rye being used in 2006 we created a dummy variable to account for this change (RYE). The regression equation is defined as:
where t denotes year, a the intercept term, b the regression coefficient, and U t the regression error term. Regression estimates are provided in Table 6 , and diagnostics were conducted to determine if any of the OLS assumptions were violated. It was determined that the regression residuals displayed a heterogeneous pattern that required the application of White's correction procedure for heteroscedasticity (White, 1980) . Heteroscedasticity refers to a violation of the OLS assumption of the OLS error term having a constant variance. Failure to correct for this problem results in unreliable standard error estimates.
Results
Pest populations
Aphid densities varied among management systems and dates each year (P < 0.001 for all comparisons; Fig. 1 ), and this is reflected in how quickly aphid populations reached the economic threshold (ET) and economic injury levels (EIL) in these plots. In 2005, the ET was only exceeded on 12-August in the chemically intensive plots, and their numbers were reduced after application of lambdacyhalothrin. The ET was exceeded on 18-August in the reduced and cover crop management systems. No insecticide was applied to either treatment, in the case of reduced chemical management due to canopy closure and in the case of cover crop due to no insecticide decision. The EIL (674 aphids per plant) was exceeded in all plots of the reduced chemical and cover crop treatments on at least one sample date after 25-August. Aphid populations escalated in the cover crop treatment until sampling ceased on 8-September (the EIL was exceeded in all plots after 1-September). In 2006, the ET was exceeded in the chemically intensive and reduced chemical plots on about Aug 6, and remained above the ET until lambdacyhalothrin was applied on 15-August; mean aphid abundance never exceeded the EIL in either of these treatments, and aphids remained well below the ET throughout the season in the cover crop treatment. In 2007, all three management types exceeded the EIL for a single date (August 10). Insecticides in the chemically intensive and reduced chemical management systems reduced the aphid population. In the cover crop treatment, aphids remained above the EIL from August 10 to 30. There were no differences among treatments in the total number of alate aphids recovered from the tile traps in each plot in either year of study (2006 F 2, 9 ¼ 0.49, P ¼ 0.63; 2007: F 2, 9 ¼ 0.47, P ¼ 0.64). Mean (SEM) cumulative alate aphids (pooled across treatments) recovered per plot over the seasons were 36.92 AE 2. 42 (2006) and 42.92 AE 4.82 (2007) . Alate aphids only became abundant (>2 per trap) after 20-July, 2006 and 24-July, 2007.
There were fewer bean leaf beetles in the chemically intensive treatment in 2005 than in the other treatments (treatment: F 2, 6 ¼ 5.27, P ¼ 0.048; date: F 9, 54 ¼ 25.09, P < 0.001; interaction: F 18, 54 ¼ 4.13, P < 0.001) (Table 1) . Bean leaf beetle populations were similar among treatments in the subsequent two seasons (Table 1) (2006: treatment: F 2, 9 ¼ 0.65, P ¼ 0.55; date: F 7, 63 ¼ 8.35, P < 0.001; interaction: F 14, 63 ¼ 3.51, P < 0.001; 2007: treatment: F 2, 9 ¼ 0.69, P ¼ 0.53; date: F 10, 90 ¼ 32.46, P < 0.001; interaction: F 20, 90 ¼ 1.70, P < 0.001). Beetle populations varied over the season, displaying two population peaks over the season as has been previously reported in our region (Hammack et al., 2010; Riedell et al., 2011) . There were significant interactions between treatment and sample date in all three years. Population trends over the seasons were similar among treatments in 2005 and 2007 (e.g., all had peaks and troughs on the same sample dates), but they varied in the degree of change over the season (peaks and troughs were more severe in some treatments rather than others). This was also true in 2006, but the cover crop treatment had a large peak in bean leaf beetle populations toward the end of the season that was not present in the other treatments. Seasonal mean AE SEM numbers of beetles collected per sweep in each treatment year are presented in Table 1 .
Natural enemy populations
We discovered an abundant and diverse natural enemy community present in South Dakota soybeans. In sum, 15,378 predators were collected in sweep samples, 18,092 in pitfall samples, and 6688 in quadrat samples over this 3 yr study. At least 17 species (representing five families) were collected in sweep samples, 65 taxa (representing 13 families) in pitfall samples, and 44 taxa (representing 17 families) in quadrat samples (Tables 1e3). Based on our density samples, we estimate that there are about 277,170 AE 30,283, 339,300 AE 84,100, and 594,800 AE 133,300 predators per ha on the soil surface in the chemical intensive, reduced chemical, and cover crop management systems, respectively. These numbers are within the range of previous estimates of natural enemies in cropland (Lundgren et al., 2006; Lundgren and Fergen, 2010) .
The foliar dwelling natural enemy community was reduced by the insecticide applications, but the soil-surface community was unchanged due to treatment. Sweep samples revealed that foliar dwelling arthropods in all three growing seasons were affected by management and sampling date (Table 1, Fig. 2 ) (2005: treatment: F 2, 6 ¼ 20.78, P ¼ 0.002; date: F 9, 54 ¼ 9.46, P < 0.001; interaction: F 18, 54 ¼ 3.61, P < 0.001; 2006: treatment: F 2, 9 ¼ 103.37, P < 0.001; date: F 11, 99 ¼ 32.08, P < 0.001; interaction: F 22, 99 ¼ 9.85, P < 0.001; 2007: treatment: F 2, 9 ¼ 239.08, P < 0.001; date: F 10, 90 ¼ 64.52, P < 0.001; interaction: F 20, 90 ¼ 32.68, P < 0.001). Although sample date affected the number of foliar-dwelling natural enemies collected in all three treatments, the significant interaction suggests that this effect was not consistent among treatments (treatment by date interaction P < 0.001 each year). This is evident from Fig. 2 , where natural enemies in the chemically treated systems were reduced after application relative to those in unsprayed treatments. Additional predators that were rarely collected in the sweep samples included several Coccinellidae species: Cycloneda munda (a total of 9 specimens collected), Hippodamia variegata (Goeze) (n ¼ 1), Brachyacantha ursina (Fabricius) (n ¼ 8) and B. albifrons (Say) (n ¼ 1). Natural enemy activity and density on the soil surface was unaffected by treatment, and consistently increased over the field season (Tables 2 and 3) (Pitfall samples: date P < 0.001 each year; Quadrat samples: date P < 0.002 each year). An exception was the natural enemy density in 2006; here, natural enemies were much more abundant in the cover cropped treatment than in the other two management systems (Table 3) . Additional predators collected rarely in the pitfall traps included: Agonum cupripenne (Say) (a total of 4 specimens collected), Amara apricaria (Paykull) (n ¼ 1), 4) , H. tredecimpunctata (n ¼ 1), and Harmonia axyridis (n ¼ 1) (Coleoptera: Coccinellidae); Lampyridae larvae (n ¼ 2) (Coleoptera); Geocoris sp. (n ¼ 2) (Hemiptera: Geocoridae) and N. americoferus (n ¼ 11) (Hemiptera: Nabidae); and Chrysoperla larvae (n ¼ 7) (Neuroptera: Chrysopidae). In the quadrat samples, several infrequently collected taxa were : An unidentified Bembidiine (n ¼ 1), Calleida decora (Fabricius) (n ¼ 1), C. impressefrons (n ¼ 8); Colliuris pennsylvanica (L.) (n ¼ 1), Cyclotrachelus alternans (n ¼ 1), Harpalus pensylvanicus (n ¼ 1), Harpalus sp. (n ¼ 1), Lebia solea Hentz (n ¼ 1), L. pilicornis (n ¼ 1), Notiophilus sp. (n ¼ 1), Poecilus lucublandus (n ¼ 1), Pterostichus permundus (n ¼ 1), (Coleoptera: Carabidae); C. maculata (n ¼ 4), H. parenthesis (n ¼ 6), and H. tredecimpunctata (n ¼ 6) (Coleoptera: Coccinellidae); Lampyridae larvae (n ¼ 10) and an adult (n ¼ 1) (Coleoptera); Reduviidae sp. (n ¼ 1) (Hemiptera); and Hemerobiid sp. adult (n ¼ 3) (Neuroptera: Hemerobiidae). Although there were differences in individual predator taxa among the systems (Tables 1e3), there were few consistent trends among years in the responses of specific species to treatments. O. insidiosus and Scymnus rubricaudus were consistently highest in the cover cropped treatment across all three years of study (this latter species was only significantly so in the first two years of study) (Table 1) . Chrysoperla adults and larvae and coccinellid larvae were higher in the cover cropped treatment in years when oat was planted, but not when rye was planted (Table 1) .
Weed populations
More than 20 weed taxonomic groups were present over the study. Two amaranths, redroot pigweed and common waterhemp (Amaranthus retroflexus and A. rudis, respectively) and common lambsquarters (Chenopodium album) were the most abundant species observed throughout the study (although these species were notably fewer in 2006 than in other years) (Table 4 ). Similar numbers of weed species were found among treatments, although significantly fewer weed species were recovered in 2006 (P ¼ 0.01) than in the other sample years (treatment: F 2, 24 ¼ 0.96, P ¼ 0.40; year F 2, 24 ¼ 6.03, P ¼ 0.01, interaction: F 4, 24 ¼ 0.73, P ¼ 0.58). Mean (SEM) species numbers per plot (pooled across years) were 5.36 AE 0.80, 6.27 AE 0.73, 6.18 AE 0.85 in the chemically intensive, cover crop, and reduced chemical management systems, respectively.
The numbers of weeds counted along the transects differed among treatments in only one of the three study years (Table 4 ). The seasonal patterns of weed community phenologies differed among treatments (2005: treatment: F 2, 6 ¼ 2.11, P ¼ 0.20; date: F 3, 18 ¼ 7.00, P ¼ 0.003; interaction: F 6, 18 ¼ 4.94, P ¼ 0.004; 2006: treatment: F 2, 8 ¼ 4.67, P ¼ 0.045; date: F 2, 16 ¼ 12.75, P < 0.001; interaction: F 4, 16 ¼ 7.91, P ¼ 0.001; 2007: treatment: F 2, 9 ¼ 2.05, P ¼ 0.18; date: F 2, 18 ¼ 2.03, P ¼ 0.16; interaction: F 4, 18 ¼ 8.67, P < 0.001). In 2005, the seasonal weed count was similar among treatments, although count varied among the sample periods; also, there was a significant interaction between treatment and sample period (Table 4 ). This variability among treatments occurred during the period prior to canopy closure, but after herbicide application to the chemically intensive treatment. Here, weed populations in the reducedchemical treatment were more abundant than the other treatments (Fig. 3) . In 2006, more weeds were counted along the transects in the cover crop treatment than the other two treatments with more weeds present after soybean canopy closure in the cover cropped system (Fig. 3, Table 4 ). In 2007, there were no season-long differences in weed abundance among management systems, nor was there an effect of sample period on weed abundance. However, after soybean canopy closure, there were more weeds counted in the reduced chemical treatment relative to the chemically intensive treatment (Fig. 3, Table 4 ).
Yields, grain quality, and system profitability
Yield was greatest in 2005, averaging about 9000 kg per ha, and least in 2007, averaging about 2500 kg per ha. A 6-wk drought beginning on June 15 reduced yields in 2007 relative to the first two study years. Yield differences among the management systems were only observed in 2006, where yields in the treatments were ranked as reduced chemical ¼ chemical intensive > cover crop; in 2006, the rye cover crop reduced yield by more than 50%. Management also affected soybean quality. Soybean from the cover crop treatment had lower oil content but greater protein content than at least one of the two chemical treatments in in the cover crop management system had reduced protein content compared with the other two management regimes (Table 5) .
Ordinary Least Squares regression procedure was used to investigate the relationship between yield and treatment. Production cost and yield per ha revenue estimates across treatments are presented in Table 5 . The global F-test for overall model significance had a P < 0.001 (Table 6 ). The regression model has an adjusted R 2 ¼ 0.64, indicating that 64% of the variability in yield was explained by the statistical model. All of the regression coefficients (bs) were statistically significant at the 5% level or lower. Regression results indicate that there is a 0.24 t per ha difference between chemically intensive and reduced chemical treatments, and a 0.68 t per ha difference between chemically intensive and cover crop treatments. The beta coefficient for the "RYE" variable is À1.25. Again, this variable captures the unique effect that rye had when it was used as a cover crop. Using oat as a cover crop increased yields by 0.96 t per ha relative to the rye cover crop. Furthermore, while the use of a cover crop reduced yield in this study, it also reduced input costs.
Production cost data indicate that the cover crop treatment component with conventional seed had the lowest average cost of production per ha. Yield data indicate the cover crop treatment component also produced the lowest yields relative to the chemically intensive and reduced chemical alternatives. In the studied system, the lower cost structure associated with the cover crop treatment was not large enough to overcome the market value of reduced yield, although the profitability of this system increased as the study went on alongside our experience with this production system. This notwithstanding, the cover crop treatment underperformed the alternatives with respect to profit (Table 5) .
Discussion
The soybean production systems in this study had dramatic effects on both insect and weed communities. Although efforts to reduce pesticide inputs increased beneficial species and reduced the costs of production, the profitability of the treatments receiving pesticides (chemical intensive and reduced chemical) exceeded the cover crop treatment. In the first two years of study (Table 5) , the Table 4 Weed communities found in soybeans produced under three management regimens. Data represent the mean (SEM) sum of weeds found along two diagonal cross-plot transects per plot per sample date (n ¼ 3 plots per treatment in 2005 and n ¼ 4 in 2006 & 2007) . Significant treatment effects (a ¼ 0.05) are indicated in bold italics. Within years and parameters, treatment means without letters indicate that the F-test was not significant and no pairwise testing was done. Where letters are present after means, the treatment F-test was significant (a ¼ 0.05), and means followed by the same letter are not significantly different (LSD multiple comparison test). Additional taxa that were infrequently collected are listed in the results section.
Species
Common chemically intensive and reduced chemical treatments had very similar profits, indicating that reducing herbicide inputs to a single application before canopy closure was sufficient for managing typical weed pressure. In 2007, one plot in each of the reduced chemical and cover cropped treatments had extraordinary weed seed input (the farmer had fed cows in this area of the field) that could only be overcome with more intensive herbicide use; the other reduced chemical plots had equivalent yields to the chemical intensive treatment in 2007 (see footnote in Table 5 ). There were several deficiencies (discussed below) in our management of the cover crop treatment that made this the least profitable of the three systems. If additional revenue could be added to this cover crop production system, either through gaining organic certification of the grain or through reducing the impact of the cover crop on yields, growers could take advantage of the lower costs of production and favorable habitats provided by this treatment to create more sustainable, long-term solutions for pest management. Soybean aphid populations differed among the treatments, with insecticide applications having the greatest influence on relative aphid populations (Fig. 1) . In all three seasons, a single application of lambda cyhalothrin (but not esfenvalerate) was sufficient to reduce mounting aphid infestations below 250 per plant for the remainder of the season. When the oat cover crop was removed from the field early in the season (2005 & 2007) , aphid populations exceeded the EIL in all plots by season's end. When the rye cover crop was allowed to persist throughout the season, aphid populations were kept below 50 aphids per plant throughout the season. This same pattern was observed with the ground cover in Schmidt et al. (2007) ; in this case, an alfalfa living mulch ground cover was allowed to persist in the understory of the soybean crop, and aphid populations were diminished as a result. But also like Schmidt et al. (2007) , we found that when the rye was allowed to persist season-long, yields of soybean were significantly reduced by approximately 67% (Table 5) , making this strategy unappealing for farmers. In a recent survey of organic soybeans preceded by winter rye cover crops, Koch et al. (2012) found that aphids were reduced through cover-cropping and yields were unaffected by the cover crop, but in this study yields were exceptionally low even in the untreated control (<1.35 t per ha). Finally, incorporating wheat into soybeans as an intercrop successfully reduced potato leafhopper, while having no effects on soybean yield (Hammond and Jeffers, 1990; Miklasiewicz and Hammond, 2001) . All of this taken together suggests that cover crops and ground covers have potential for reducing soybean aphids, but care must be taken to ensure that the cover crop is managed in ways that maximize soybean yields.
Bean leaf beetle populations differed among management systems, but only during the first year of study when the pest was particularly abundant (Table 2 ). The first study year experienced beetle populations that were 10-fold higher in the reduced chemical and cover crop systems than in 2006 and 2007 (representing a 7-year high for this research site). Numbers remained between 10 and 100 beetles (per 100 sweeps) from July 22 until August 26, 2005, which corresponds to the adult stage of the 1st generation (i.e. the progeny of the overwintering generation) of this pest in eastern South Dakota (Hammack et al., 2010; Riedell et al., 2011) . Yield correlations for this pest based on sweeps suggest that these populations did not approach economically damaging levels in the reduced chemical and cover crop treatments in 2005 (Hammack et al., 2010) . Aphid-targeted insecticide inputs in the chemical treatment had the added benefit of reducing bean leaf beetle populations in 2005; this benefit of insecticides targeted at other, more serious insect pests of soybeans is found in other regions as well (Johnson et al., 2008; Musser et al., 2012) . In summary, bean leaf beetle populations are affected by insecticides that target Fig. 3 . Weed seasonal dynamics in soybeans produced under three management regimens. Weed populations were measured every 0.5 m along two 32 m transects in each plot (n ¼ 3 in 2005, 4 in 2006 & 2007) . Populations were recorded prior to herbicide applications, after herbicide applications but prior to soybean canopy closure, and after canopy closure. In 2005, an additional observation was recorded after herbicides were applied to the chemically intensive treatment, but before herbicides were sprayed in the reduced chemical treatment. Bars represent mean (SEM) weed number per plot, and bars capped with different letters are significantly different (a ¼ 0.05). soybean aphids, but bean leaf beetle populations were not economically threatening even when insecticides were relaxed and vegetation was diversified by weeds or cover crops.
A diverse natural enemy community was discovered in soybeans of the Northern Great Plains, but only the foliar-dwelling predator community differed among the management systems (Tables 1e3, Fig. 2) . Predators are commonly shown to be an important factor suppressing soybean aphid population growth Rutledge et al., 2004; Desneux et al., 2006; Brosius et al., 2007; Rhainds et al., 2007; Schmidt et al., 2007; Costamagna et al., 2008) . Over the 3 yr study, we collected at least 83 species of predators; this number would have increased if we had identified the Formicidae, Staphylinidae and Araneae to species level. Foliar predator communities vary depending on the region of study, and their relative abundance and community composition may have changed since the invasion of the soybean aphid (Schmidt et al., 2008) . In Canada, Michigan, and Iowa, the main predators found in association with soybean aphids are coccinellids (Rhainds et al., 2007; Costamagna et al., 2008; Schmidt et al., 2008) , often dominated by H. axyridis later in the growing season (Rutledge et al., 2004) . But natural enemy communities in the Northern Great Plains (NE and SD) are dominated by O. insidiosus (Anthocoridae), N. americoferus (Nabidae), and spiders (Brosius et al., 2007; Seagraves and Lundgren, 2012) . The current work substantiates that while coccinellids were a consistent presence in our fields (especially H. axyridis late in the season), predatory hemipterans (O. insidiosus and N. americoferus) dominated the predator guild living in the soybean foliage (but note that we did not describe the spider community in this study). At least O. insidiosus is regarded as one of the primary predators of the soybean aphid, especially in delaying early season build-up of aphid populations and reducing smaller aphid populations (Rutledge and O'Neil, 2005; Desneux et al., 2006; Costamagna et al., 2008) . With these observations, it is difficult to say which of the predators are having the greatest impact on aphid populations, but in numerical terms our work echoes previous studies that O. insidiosus and H. axyridis are likely important, and underscores that N. americoferus is on the list of potentially important biological control agents of soybean aphid. The soil surface in soybeans has a diverse community of predators throughout the soybean producing region, often reportedly dominated by spiders and carabid beetles (Rutledge et al., 2004; Gardiner et al., 2010) . Our work suggests that this may be an artifact of the choice of sampling procedure. We do not deny that carabids and spiders are an important and diverse component of the natural enemy guild, but our data suggest that their predominance is likely overinflated due to pitfall sampling. We used pitfall traps to capture dozens of carabid species in soybeans (Table 2 and Results Section), although spiders were not as abundant in our systems as in surveys from other regions (Gardiner et al., 2010) . However, when we examined actual densities of predators, carabid beetles were much less abundant than spiders, ants, and harvestmen in our systems (Table 3) . These observations on actual densities of predators are supportive of other reports involving quadrat samples (Lundgren et al., 2006; Lundgren and Fergen, 2010) . Regardless, employing multiple sample methods helps give a better understanding of predator diversity within soybeans of the Northern Great Plains. The foliar-dwelling predator community was the only one affected by the management treatments. This observation may have resulted because there was more prey present in the cover cropped treatment and because insecticides likely reduced predator populations in the chemical treatments. Other work has shown that insecticide use in soybeans (Ohnesorg et al., 2009; Seagraves and Lundgren, 2012) and other crops (Marvier et al., 2007; Wolfenbarger et al., 2008) can reduce some or all natural enemy species present within a habitat. O. insidiosus and S. rubricaudus were consistently more abundant in the cover crop system than in the other two management systems (Table 1) . O. insidiosus is an important predator of soybean thrips and the soybean aphid (Brosius et al., 2007; Butler and O'Neil, 2008; Desneux and O'Neil, 2008; Harwood et al., 2009) . This omnivorous bug also has strong preferences for specific plant species as oviposition sites, and increased vegetation diversity has been shown to increase O. insidiosus populations (Lundgren et al., , 2009b Seagraves and Lundgren, 2010) . Insecticides aimed at aphid management also adversely affect O. insidiosus (Seagraves and Lundgren, 2012) . We believe that the provision of preferred non-crop vegetation and possibly food diversity, as well as reduced insecticide use, in large part explain the increased numbers of O. insidiosus in the cover crop system. Very little is known about the natural history of S. rubricaudus, but the total predator population peaks observed in the cover crop system in late June to early July of 2005 and 2006 were the result of mass emergence of S. rubricaudus adults (Fig. 2) . The congeners S. louisianae J. Chapin and S. babai Sasaji have been identified as predators of soybean aphids in Kentucky and Asia, respectively (Brown et al., 2003; Liu et al., 2004) . We have consistently captured this predator in field plots of eastern South Dakota that were preceded by a spring grass cover crop (Lundgren and Fergen, 2010) , and identify this species as meriting further attention from the perspective of pest management.
Weed phenology was affected by management, but only at specific times during the season. At least 20 weed species were characterized during the 3 yr study; however, this number is an underestimate, as grasses, small seedlings with less than three true leaves, and thistles were not identified to species level. The most abundant weeds in these systems were common lambsquarters, redroot pigweed, and common waterhemp ( Table 4 ). The chemically intensive treatment had some of the lowest weed abundances observed (Table 4, Fig. 3 ), although the only significant differences among treatments in seasonal weed abundances occurred in 2006 (the cover crop system had significantly higher weed densities than the other two systems). Cover crops (and the management associated with removing them) suppressed weed populations in two of the three growing seasons to similar levels to those observed in the systems managed exclusively with herbicides. In 2006, when rye was left in the plots throughout the season, greater weed numbers were present in the cover crop system than the other systems (especially after the crop canopy closed). This was surprising, as rye produces allelochemicals known to suppress competition from other plants (Mwaja et al., 1995; Reberg-Horton et al., 2005) . But this was also the only year of study when the cover crop was not killed with herbicides, and we believe that these herbicide applications suppressed weeds that were adapted to grow in concert with the cover crops. Weed populations were more abundant in the reduced chemical system over the chemically intensive system in 2005 and 2007, but only in one of the time periods sampled. Specifically, weeds in the reduced chemical system were particularly high just prior to the crop canopy closure and before herbicides were applied in 2005, and after the canopy had closed in 2007 (Fig. 3) . The end result is that the reduced chemical treatment produced greater weed abundances during portions of the growing season, but under normal circumstances the timing and abundance of these weed populations in this treatment had minimal effects on soybean profitability when compared to the weed-free, chemically intensive treatment.
There are several ways that producers could increase the profitability of the cover crop system to make this competitive or even superior to the chemically intensive treatment. First, our annual observations always represented the first year of cover crop use. It is common to see a yield drag associated with first-year cover crop use, but in subsequent years yields typically improve (Osborne et al., 2008) . Also, we found that managing the cover crop more efficiently (e.g., killing the cover crop entirely prior to soybean establishment) was key to improving yields of the subsequent soybean crop. Although we found mowing to be ineffective and ultimately used herbicides to kill the cover crop in our study, innovative non-chemical technologies such as roller/crimpers offer organically compatible solutions to eliminating cover crops from farmland (Mirsky et al., 2009; Davis, 2010) . Although cover cropped conventional soybean yields could feasibly be as profitable as soybeans managed chemically, producers that target the organic market could have even greater profits than chemically managed soybeans due to increased organic premiums. For example, if the cover crop approach was able to earn an organic premium (approximately $335.76 per t; report NW_GR_113, http://search. ams.usda.gov/mnsearch/mnsearch.aspx), then even the lowest soybean yields from the 2006 cover crop treatment would have been more profitable than the chemical intensive treatment. Suffice it to say that we feel that the cover crop treatment has substantial potential as a long-term, sustainable form of pest management if production can be amended so that yields are improved, largely because of the conservation benefits that this approach has for natural enemies. Natural enemies of soybean aphids save producers billions of dollars every year , and the increasing reliance on insecticides in corn and soybean systems observed in South Dakota (Fausti et al., in press) and the rest of the United States (Meehan et al., 2011) challenges the ability of these beneficial species to contribute their services to farmers. 150,000 soybean seeds per bushel. So it is assumed the application rate on one bushel per acre for the non GM treatment. It is also assumed that the price of non GM soybean seed is twice the market price for a bushel of soybeans. South Dakota State University Cooperative Extension Service provided estimates of GM seed cost and technology fees. Application costs and mowing costs were determined by the number of times an activity was reported.
